The local structure and the EPR parameters (zero-field splitting D, g factors g and g ⊥ and hyperfine structure constants A and A ⊥ ) of Mn 4+ in LiF:U:Mn crystal have theoretically been investigated by using the perturbation formulas of the EPR parameters for a 3d 3 ion in trigonally distorted octahedra. In this trigonal Mn 4+ center, three U 6+ ions locate on (1,1,0), (1,0,1) and (0,1,1) sites, each surrounded by six O 2− ions. Thus, the studied system is characterized as the Mn 4+ associated with one host F − triangle, one O 2− triangle and an additional equivalent F' − triangle containing the three U 6+ ions, i.e. an [MnF 3 O 3 F' 3 ] 8− cluster. The central Mn 4+ impurity is found to shift towards the oxygen triangle along the C 3 (or [111]) axis by an amount ∆Z (≈ 0.29Å) due to the strong electrostatic attraction between the Mn 4+ and the oxygen triangle (and also the additional equivalent F' − triangle), which increases the trigonal distortion of the Mn 4+ center considerably. The calculated EPR parameters based on the above displacement ∆Z agree reasonably with the observed values.
Introduction
LiF containing transition-metal ions (e.g., Mn 4+ , Cu 2+ and Ti 3+ ) and color centers has attracted interest due to their useful optical properties, such as thermoluminiscence (TL) [1 -3] and tunable solid state lasers [4 -7] . For instance, uranium-doped LiF may induce six O 2− ions replacing the six original F − ions around the substitutional U 6+ impurity on the host Li + site because of charge compensation. As a result, a bright green luminescence arising from the U 6+ was achieved, and an unusual Mn 4+ center, which had not been introduced in the common way, was observed in uranium-doped LiF with an excess of oxygen [7] . Further, an electron paramagnetic resonance (EPR) experiment on this Mn 4+ center was made, and the large zero-field splitting D (∼ 2.39 in magnitude) revealed considerable trigonal distortion of the studied system [7] . The authors [7] argued that U 6+ locates on the host Li + site with six nearest neighbouring F − ligands replaced with O 2− ions, and so a trigonal Mn 4+ center 0932-0784 / 03 / 1200-0672 $ 06.00 c 2003 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com is formed due to the three [UO 6 ] 6− complexes on the plane perpendicular to the C 3 (or [111]) axis. Up to now, however, neither the above EPR experimental results nor the local structure of the Mn 4+ center has theoretically been studied. Since information about the EPR parameters (e. g., zero-field splitting, g factors and hyperfine structure constants) and the local structure of the trigonal Mn 4+ center will be useful to understand the optical properties of uranium-doped LiF, theoretical investigations are significant. In this paper, a defect model for the trigonal Mn 4+ center is proposed, and its EPR parameters are studied by using the perturbation formulas of the EPR parameters for a 3d 3 ion in trigonally distorted octahedra. The results are discussed.
Calculations
In LiF:U:Mn crystal, U 6+ substitutes the host Li + ion and the six neighbouring F − ligands may be replaced by O 2− ions for charge compensation [7] . As a result, [ For a 3d 3 ion in trigonally distorted octahedra, the zero-field splitting D and the anisotropic g factors g and g ⊥ can be calculated from the high-order perturbation formulas based on the strong-field scheme [8, 9] . Similarly, the perturbation formulas for the hyperfine structure constants A and A ⊥ can be derived. These formulas are [note: since the studied system has weak covalency and a much smaller spin-orbit coupling coefficient of the ligand (i. e., F − or O 2− ) than that of the central Mn 4+ ion, the conventional one-spin-orbitcoupling-coefficient formulas are adopted here]:
where E i are the zero-order energy denominators defined in [8, 9] , with the cubic field parameter D q and the Racah parameters B and C for the 3d 3 ion in the crystal. ζ is the spin-orbit coupling coefficient of the 3d 3 ion in the crystal. k is the orbital reduction factor. P is the dipole hyperfine structure parameter of the 3d 3 ion in the crystal. κ is the core polarization constant. From the superposition model [10] and the local geometrical relation for the [MnF 3 O 3 F' 3 ] 8− cluster in LiF, the trigonal field parameters V and V in (1) can be written as
where the sum is taken over three kinds of ligands L (i. e., F − , O 2− and equivalent F' − ). t 2 and t 4 are the power-law exponents, and we take t 2 ≈ 3 and t 4 ≈ 5 due to the ionic nature of the bonds [10] .Ā 2 (L) and A 4 (L) are the intrinsic parameters for the ligand L.
R L and β L are, respectively, the impurity-ligand distance and the corresponding angle related to the C 3 axis for the ligand L. R is the reference bonding length or the effective impurity-ligand distance for all the ligands. Since the ionic radius r i of the impurity Mn 4+ is different from the radius r h of the host Li + , the distance R may be unlike the host Li + -F − bonding length R H (≈ 2.0086Å [11] ) in the pure crystal. However, we can reasonably estimate R from the following empirical formula [12, 13] 
For the studied Mn 4+ center in LiF, r i ≈ 0.60Å and r h ≈ 0.68Å [14] , thus the distance R ≈ 1.9686Å can be obtained. When considering the displacement of the impurity Mn 4+ along the C 3 axis, the above local bonding length R L and the angle β L for the ligand L can be calculated from R and ∆Z. For 3d n ions in octahedra,Ā 4 (L) can be expressed in terms of the cubic field parameter for the Mn 4+ -L cluster asĀ 4 
where From the free-ion parameters B 0 ≈ 1160 cm −1 and C 0 ≈ 4303 cm −1 for Mn 4+ [20] , we obtain the covalency factor f ≈ (B/B 0 + C/C 0 )/2 ≈ 0.754 for the [MnF 3 O 3 F' 3 ] 8− cluster. Then the orbital reduction factor k, the spin-orbit coupling coefficient ζ and the dipole hyperfine structure parameter P can be expressed as
where ζ 0 d ≈ 405 cm −1 [20] and P 0 ≈ 235 × 10 −4 cm −1 [21] are the corresponding free-ion values.
The core polarization constant in the formulas of A and A ⊥ can be written as [22] κ ≈ − 2χ 3 r −3 ,
where χ is characteristic of the density of unpaired spins at the nucleus of the central metal ion and r −3 the expectation value of the inverse cube of the radial wavefunction of the 3d orbital [22] . By using the value r −3 ≈ 5.361 a.u. [22] for Mn 4+ and χ ≈ −2.16 a.u. [21] for the similar Mn 4+ -O 2 pair in Al 2 O 3 :Mn 4+ , we have κ ≈ 0.269. Substituting the above parameters into (1) and assuming that Mn 4+ locates on the ideal Li + site, we can calculate the EPR parameters for the trigonal Mn 4+ center in LiF. They are shown in Table 1 . One can find that the above theoretical D value is much smaller than the experimental one, suggesting that the estimated trigonal distortion is too small. This means that the impurity Mn 4+ may not occupy exactly the Li + position but shift towards the O 2− triangle along the C 3 axis because of their strong electrostatic attraction increases the trigonal distortion and hence the calculated D value. By fitting the calculated D to the observed value, we obtain the displacement of the impurity Mn 4+ towards the O 2− triangle along the C 3 axis, i. e.
The corresponding theoretical EPR parameters are also collected in Table 1 .
Discussions
From Table 1 , one can find that the calculated EPR parameters based on the displacement ∆Z are comparable with the observed values. Several points may be discussed here.
1. The positive sign of the estimated displacement ∆Z of the Mn 4+ agrees with the expectation based on the electrostatic interaction, suggesting that the direction of the displacement towards the O 2− triangle is suitable. In fact, shifting towards the O 2− triangle leads to a considerable increase in the theoretical D, which would be much smaller than the observed value in absence of the displacement ∆Z. Meanwhile, the sign of the calculated D is also reversed from positive to negative. Therefore, the sign of the experimental D value is also determined.
2. The magnitude of ∆Z (≈ 0.29Å) for the Mn 4+ in LiF obtained in this work is consistent with that of other impurities in LiF or similar AB-type crystal obtained in previous works [23 -28] . For example, ENDOR measurements also found a similar offcenter displacement ∆Z ≈ 0.3Å along the [111] axis for Ti 3+ in LiF crystal [23] . In addition, Sangster et al. [24] 3. It can be seen from Table 1 that there is some discrepancy between theory and experiment, e.g., the calculated g factors are smaller than the observed ones. This may be due to 1. the contribution to the g factors from the spin-orbit coupling coefficient of the ligands and the admixture between the d orbitals of the central ion and the p orbitals of the ligands are not considered; 2. the contribution to the g factors due to the charge-transfer (CT) effect is also ignored for the studied Mn 4+ center; 3. the displacements of the F − or O 2− ligands are not included in the calculations. Among them, the contribution arising from the CT effect can be the most important one. For isoelectronic 3d n ions in crystals, since the energies of CT levels lower with increasing valence state [29] , the contribution to the EPR parameters (especially g factors) from the CT mechanism for the 3d n ion having a high valency (e.g., Mn 4+ ) may be important and cannot be ignored. This point remains to be further studied. Even so the above calculated displacement ∆Z is still valid because the zerofield splitting D is much more sensitive to the trigonal distortion and hence to ∆Z than the g or A factor is.
In conclusion, the EPR parameters and the local structure for the Mn 4+ center in LiF:U:Mn crystal are theoretically investigated for the first time. The above studies may be useful for the understanding of the relationship between the defect structure and optical properties of uranium-doped LiF or other alkali fluorides.
